The goal of the present research was to elucidate the roles and mechanisms by which the sensory nervous system, through the actions of potent vasodilator neuropeptides, regulates cardiovascular function in both the normal state and in the pathophysiology of hypertension. The animal models of acquired hypertension studied were deoxycorticosterone-salt (DOC-salt), subtotal nephrectomy-salt (SN-salt), and N w -nitro-L-arginine methyl ester (L-NAME)-induced hypertension during pregnancy in rats. The genetic model was the spontaneously hypertensive rat (SHR). Calcitonin gene-related peptide (CGRP) and substance P (SP) are potent vasodilating neuropeptides. In the acquired models of hypertension, CGRP and SP play compensatory roles to buffer the blood pressure (BP) increase. Their synthesis and release are increased in the DOC-salt model but not in the SN-salt model. This suggests that the mechanism by which both models lower BP in SN-salt rats is by increased vascular sensitivity. CGRP functions in a similar manner in the L-NAME model. In the SHR, synthesis of CGRP and SP is decreased. This could contribute to the BP elevation in this model. The CGRP gene knockout mouse has increased baseline mean arterial pressure. The long-term synthesis and release of CGRP is increased by nerve growth factor, bradykinin, and prostaglandins and is decreased by a 2 -adrenoreceptor agonists and glucocorticoids. In several animal models, sensory nervous system vasoactive peptides play a role in chronic BP elevation. In the acquired models, they play a compensatory role. In the genetic model, their decreased levels may contribute to the elevated BP. The roles of CGRP and SP in human hypertension are yet to be clarified.
Introduction
Traditionally, the role of the sensory nervous system in blood pressure regulation has been through afferent baroreceptor-mediated mechanisms. There is now increasing evidence that, in addition to afferent mechanisms, the sensory nervous system plays a role in multiple areas (e.g., nociception and inflammation) through the efferent release of neuropeptides. Calcitonin gene-related peptide (CGRP) and substance P (SP) are neuropeptide mediators of sensory nervous system function. The present report will discuss the evidence for the role of the release of CGRP and SP by the sensory nervous system in the regulation of blood pressure and in experimental hypertension.
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CGRP is a 37-amino acid neuropeptide derived from the tissue-specific splicing of the primary RNA transcript of the calcitonin/CGRP gene (1,2), which will be referred to as the a-CGRP gene. Calcitonin is produced mainly in the parafollicular cells of the thyroid, but CGRP synthesis occurs almost exclusively in regions of the central and peripheral nervous systems (3) . There is a second CGRP gene (ß-CGRP) that does not produce calcitonin, and also produces CGRP primarily in central neuronal tissues (3, 4) . The two CGRP genes, a-and ß-in the rat and I and II in humans, differ in their protein sequences by one and three amino acids, respectively, and the biological activities of the two peptides are quite similar in most vascular beds (5) .
SP is an 11-amino acid peptide sensory neurotransmitter that mediates pain, touch, and temperature. Like CGRP, it is involved in many physiologic activities including smooth muscle contraction and vasodilation (5) (6) (7) (8) . SP is a member of the tachykinin family. The three major mammalian tachykinins are SP, neurokinin A (NKA), and neurokinin B (NKB) (9) . SP and NKA are encoded by the preprotachykinin A gene, and NKB is encoded by the preprotachykinin B gene (5, 9, 10) . SP is often released from the same sensory nerve terminals as CGRP. SP has been shown to regulate blood flows of various organs.
Distribution and localization of immunoreactive CGRP and substance P
Immunoreactive (that which can react to the antibody in the assay) CGRP and SP and their receptors are widely distributed in the nervous and cardiovascular systems (5, 8, 11) . In the peripheral nervous system, prominent sites of CGRP and SP synthesis are in the spinal nerve dorsal root ganglia (DRG). These structures contain the cell bodies of sensory nerves that terminate centrally in laminae I/ II of the dorsal horn of the spinal cord and peripherally in blood vessels (11) (12) (13) . Blood vessels in all vascular beds are surrounded by a dense perivascular CGRP and SP neural network. In these vessels CGRP-and SP-containing nerves are found at the junction of the adventitia and the media, passing into the muscle layer (3, 5) . These peptides are often co-localized in the same peripheral nerve terminals. Circulating CGRP and SP are believed to be a spillover phenomenon from these perivascular nerve terminals caused by the release of these peptides to promote vasodilation or other functions (3) . Receptors for CGRP have been identified both in the media and intima of resistance vessels. SP receptors and neurokinin-1 (NK-1) receptors, are found in endothelial cells (9) .
Cardiovascular actions of CGRP and substance P
CGRP is the most potent vasodilator discovered to date, and it has positive chronotropic and inotropic effects (14, 15) . SP is also a potent vasodilator, but it has little effect on heart rate and contractility (9) . CGRP selectively dilates many vascular beds, especially the coronary vasculature (3, (14) (15) (16) . Systemic administration of CGRP decreases blood pressure in a dose-dependent manner in normotensive animals and humans (3, 11) . The primary mechanism is peripheral arterial dilation (3, 11, 15) . The CGRP receptor(s) are coupled to G proteins. G proteins are located in the intracellular portion of the plasma membrane, and they bind activated receptor complexes. Through conformational changes and cyclic binding and hydrolysis of guanosine triphosphate, G proteins, directly or indirectly, effect alterations in channel gating, thus coupling cell surface receptors to intracellular responses. In a number of tissues, including vascular smooth muscle, CGRP increases intracellular cyclic adenosine monophosphate (cAMP). Other reports indicate that CGRP is capable of activating ATP-activated potassium channels of vascular smooth muscle (3) . There is additional evidence that the vasodilator response evoked by CGRP is mediated, in part, by nitric oxide (NO) release and that various vascular beds differ in their dependence on the endothelium for the dilator response to CGRP (3) . The vasodilator response mediated by NO is endothelium dependent, while the other mechanisms directly affect the vascular smooth muscle. Therefore, CGRP can dilate blood vessels through endotheliumdependent and -independent mechanisms.
The vasodilator action of SP is always endothelium dependent (8, 13) and is mediated by NK-1 receptors located in endothelial cells (9) . There are three tachykinin receptor subtypes known as NK-1, NK-2, and NK-3. SP is the preferred ligand (binding molecule) for NK-1 receptors, NKA for NK-2, and NKB for NK-3, but all three tachykinins have some affinity for all three NK receptors if a high enough dose is given. The three receptors all belong to the superfamily of Gprotein-coupled receptors. Phosphoinositol is a cell membrane phospholipid. Each of these three receptors causes phosphoinositol breakdown, which initiates the vascular actions of the tachykinins. NK-1 receptors mediate tachykinin-induced vasodilation by an endothelium-dependent mechanism involving the release of both NO and a hyperpolarizing/vasodilator factor different from NO (9) .
Release of neuropeptides from sensory nerve terminals
Sensory nerve fibers are classified as capsaicin (the active ingredient in pepper) sensitive and capsaicin insensitive. The capsaicin-sensitive nerves have the receptor for capsaicin. When capsaicin-sensitive sensory nerve fibers are exposed to capsaicin, they release CGRP and SP. CGRP-and SP-rich nerve fibers are components of the sensory nervous system, comprising principally capsaicin-sensitive C-and Ad-fiber nerves that respond to chemical, thermal, and mechanical stimuli (6, 7, 17, 18) . These stimuli cause release of CGRP and SP. If the stimulation is powerful enough, it also causes propagation of sensory information back to the central nervous system. Although these nerves have traditionally been thought to sense stimuli in the periphery and transmit the information centrally, there was early evidence that they also have an efferent function. It is clear that DRG neuron-derived peptides are released at peripheral sensory nerve terminals in the absence of afferent nerve stimulation (17) . The continuous release of peptides from DRG neurons may reflect a paracrine function, with the released peptides binding to nearby receptors. This implies that these neurons participate in the continuous regulation of blood flow and other tissue activities. Indeed, it has been postulated that some DRG neurons are specialized in controlling peripheral effector mechanisms, but have no role in sensation (17) . Sensory nerve terminals can release CGRP and SP in response to local factors including nerve growth factor (NGF) (19) , vascular wall tension (6,7), bradykinin/prostaglandins (20, 21) , endothelin, and the sympathetic nervous system (21) . We have demonstrated that these same factors which alter acute release of CGRP can also modulate the long-term production and release of this peptide. Using primary cultures of adult rat DRG neurons we have reported that NGF or bradykinin/prostaglandins (20, 22) can stimulate CGRP synthesis and release, whereas glucocorticoids (22) or a 2 -adrenoreceptor agonists (23) inhibit the stimulatory effects of NGF on CGRP. Thus, alterations in these factors, some of which are known to occur in hypertension, may mediate any changes seen in CGRP or SP synthesis and release.
Role of CGRP in hypertension
Although CGRP administration can sig-nificantly decrease high blood pressure in humans (3, 11) , it is not clear what role CGRP plays in human hypertension. The reported levels of circulating immunoreactive CGRP in hypertensive humans have been conflicting (3, 11) . This has been attributed to several factors including the assay itself, heterogeneity of the disease, severity and duration of the hypertension, the degree of end organ damage, and the variety of treatment regimens used in these patients (3) . In contrast, a direct role for CGRP in experimental hypertension has now been established. Earlier reports demonstrated that CGRP can attenuate chronic hypoxic pulmonary hypertension (24) . We studied CGRP in three animal models of hypertension: 1) deoxycorticosterone-salt (DOC-salt) model, a model in which the rat undergoes a uninephrectomy followed by excess mineralocorticoid and salt administration (25) ; 2) subtotal nephrectomy-salt (SN-salt) model, in which the rat undergoes a uninephrectomy plus surgical removal of 66% of the remaining kidney followed by excess salt administration (25) , and 3) L-NAME-induced hypertension during pregnancy, in which the rat is given the NO inhibitor N w -nitro-L-arginine methyl ester (25) . We have demonstrated for the first time that CGRP acts as a compensatory depressor mechanism to partially attenuate the blood pressure increase in these three models of experimental hypertension (26) (27) (28) (29) (30) . Because these studies were done acutely, the important question regarding the long-term participation of CGRP in hypertension has not been answered.
Role of substance P in hypertension
SP is often co-localized and co-released with CGRP in sensory nerve terminals. The spontaneously hypertensive rat-stroke-prone strain (SHRSP) is a genetic model of experimental hypertension (25) . Reduced levels of SP have been described in SHRSP and in human essential hypertension (31) . Therefore, SP could contribute to the elevated blood pressure through the decreased activity of a counterregulatory mechanism. Kohlmann et al. (31) have employed a non-peptide SP receptor (NK-1) antagonist to assess the hemodynamic role of this peptide in five models of experimental hypertension. In addition to the DOC-salt and SN-salt models, they studied the SHR and two renovascular models, the two-kidney, one-clip and onekidney, one-clip. In the first, both native kidneys are intact and a partially constricting clip is placed on one renal artery. In the second, the rat undergoes uninephrectomy, and a partially constricting clip is placed on the remaining renal artery (25) . In conscious unrestrained rats the SP antagonist induced significant increases in mean arterial pressure (MAP) in three salt-dependent models, DOC-salt, SN-salt, and one-kidney, one-clip hypertensive rats. In contrast, the antagonist produced nonsignificant effects on the MAP in two-kidney, one-clip and SHR (salt-independent models). Therefore, SP may act as a partial compensatory mechanism to counteract the blood pressure increase in salt-dependent hypertension. The experiments described above were performed acutely, so the long-term participation of SP in hypertension is unknown.
Hemodynamic effects of CGRP in experimental hypertension

Deoxycorticosterone-salt hypertension
The first evidence that CGRP plays a role in hypertension was provided by studies using the DOC-salt rat. For these studies we used DOC-salt rats during the onset stage (three weeks after the initiation of the protocol) and four groups of normotensive rats to control for DOC-pellet implantation, uninephrectomy, and/or salt administration (Table  1) . In our initial studies, we demonstrated that CGRP mRNA accumulation was significantly increased in DRG and correspond-ingly immunoreactive CGRP levels were elevated in laminae I/II of the spinal cord compared to the control groups (26) . Furthermore, this increase in neuronal CGRP expression in the DOC-salt rats was specific for the DRG, since we did not observe any alterations in the brain or brain stem. In order to determine if these changes in CGRP were playing an important hemodynamic role, groups of rats had intravenous (for drug administration) and arterial (for continuous MAP monitoring) catheters surgically placed and were studied in the conscious, unrestrained state. Injection of saline did not alter MAP in any of the five groups and administration of the CGRP receptor antagonist CGRP did not significantly increase MAP in any of the four normotensive groups. However, administration of the antagonist to the DOC-salt rats rapidly induced, in a dosedependent manner, a further increase of the elevated MAP (Figure 1 ). In light of the rapid onset of the hypertensive effects of CGRP and because the antagonist probably does not penetrate the central nervous system, it is likely that the pressor activity of CGRP results from a direct interaction of the antagonist with vascular CGRP receptors (32) (33) (34) (35) . These data support the hypothesis that in DOC-salt hypertension CGRP is acting as a compensatory depressor to buffer the increased blood pressure (27) .
Subtotal nephrectomy-salt hypertension
We examined the effect of endogenous CGRP on blood pressure in SN-salt-induced hypertension, another model of low-renin, salt-dependent hypertension (28) . SN-salt and normotensive controls were instrumented and given saline or CGRP 8-37 as described above (Figure 2 ). The effects of two different doses of CGRP in the control group were similar to those observed with saline, which did not significantly alter the MAP. In contrast, administration of antagonist to the SN-salt rats produced a dose-dependent increase of the elevated MAP, similar to what was observed in the DOC-salt rats. These results suggest that, in this setting, CGRP is also playing a compensatory depressor role. Surprisingly, when the CGRP mRNA and peptide levels were quantified in the DRG from hypertensive and control rats there were no detectable changes. These results suggested a second mechanism by which CGRP exerts its counterregulatory action. As opposed to increased CGRP synthesis and release, this effect may be mediated through an increase in the vascular responsiveness to CGRP. Indeed, additional experiments indicate that vascular reactivity to CGRP is enhanced in SN-salt rats (36) .
L-NAME-induced hypertension
The purpose of the following experiments was to determine whether CGRP is involved in the vascular adaptations that occur in normal pregnancy and its role in the hypertension of L-NAME-treated female rats. Inhibition of NO synthesis with L-NAME in pregnant rats has been shown to cause hypertension, proteinuria, fetal growth retardation, and increased fetal mortality (37) . The co-administration of CGRP with L-NAME prevented the gestational, but not the postpartum hypertension (37) . It also prevented the proteinuria and significantly decreased pup mortality (37) . Further studies revealed that this differential effect of CGRP on blood pressure during gestation and postpartum is mediated by progesterone (38) . Gestational progesterone is high, while postpartum progesterone is low. Similar to the findings in gestational rats, CGRP reversed the hypertension in L-NAME-treated oophorectomized rats receiving progesterone injections. Therefore, these studies suggest that CGRP is anti-hypertensive in L-NAME-treated pregnant and non-pregnant rats and that the vasodilator effects of CGRP are modulated by progesterone. To determine whether endogenous CGRP participates in blood pressure regulation in the L-NAME-treated pregnant rats, the CGRP antagonist (CGRP ) was given to L-NAME-treated control pregnant rats, starting on day 17 of gestation ( Figure  3 ) (37). The effect of CGRP 8-37 is brief (a few minutes), so each day has its own baseline blood pressure. The baseline blood pressure was higher in the L-NAME than in the control rats on days 19, 20, and 21 of pregnancy and on postpartum day 1. CGRP 8-37 did not change blood pressure in the control groups. However, antagonist administration to the L-NAME rats further increased blood pressure on days 19, 20, and 21 of pregnancy but had no effect on postpartum day 1. Furthermore, CGRP mRNA and peptide levels in DRG were not different between the L-NAME and control rats at any of the time points studied. These data indicate that CGRP also plays a counterregulatory role in a saltindependent model. Although the mechanism by which this occurs has not been elucidated, it appears that the sensitivity of the vasculature to CGRP is enhanced in this model, with no increase in CGRP synthesis. This is mediated, at least in part, by progesterone.
Spontaneously hypertensive rats
We previously demonstrated that the agerelated decrease in neuronal CGRP expression in the SHR could contribute to the elevated blood pressure. NGF has been shown Figure 1 . The calcitonin gene-related peptide receptor antagonist CGRP increases mean arterial pressure (MAP) in deoxycorticosterone (DOC)-salt hypertensive rats but not normotensive controls. Rats were instrumented for continuous MAP recording and antagonist administration as described in the text. With the rats fully awake and unrestrained, bolus doses of the indicated amounts of CGRP were given. *P>0.01, higher vs lower dose of CGRP . **P<0.001, DOC-salt (group A) vs each of the four controls at both CGRP 8-37 doses (ANOVA followed by the Tukey-Kramer multiple comparisons test). to be a stimulant of CGRP synthesis in DRG. We therefore proposed that NGF administration to SHR would decrease blood pressure through the stimulation of CGRP synthesis in DRG. NGF (10 ng kg -1 day -1 ) was administered by intraperitoneal injection to 12-week-old SHR (39) . NGF was given once a day for 1, 3, and 7 days. A separate group of control SHR received vehicle only. At the end of each treatment period the animals were instrumented for continuous MAP recording and infusion of saline or CGRP . After a single NGF treatment (day 1, N = 8), the MAP was reduced by 21 ± 2 mmHg compared to the control SHR. The MAP was still reduced by 22 ± 3 mmHg on day 3 (N = 9); however, by day 7 (N = 11) the MAP was back up to control levels (169 ± 5 mmHg).
To determine whether any of the MAP reduction observed on days 1 and 3 was due to CGRP, during the course of the MAP determinations each animal was treated intravenously (iv) with either saline or the CGRP receptor antagonist (200 µg). Saline treatment produced a negligible increase in MAP at all the time points studied (Figure 4 ). In the control SHR, CGRP 8-37 treatment resulted in a 3.4 ± 1.2 mmHg increase in MAP which was similar to what was seen with saline. However, on days 1 and 3 of NGF treatment CGRP 8-37 produced a 12.7 ± 2.2 and 11.6 ± 2.1 mmHg increase in MAP, respectively. Unexpectedly, on day 7 when the MAP was back up to control levels, antagonist treatment still resulted in an 11.7 ± 2.4 mmHg increase in MAP. When we examined CGRP mRNA levels in DRG from the control and NGF-treated rats, there was a significant two-fold increase on days 1, 3, and 7 in the NGF-treated group only ( Figure 5 ). CGRP peptide levels in DRG displayed a similar increase (39) . Therefore, NGF treatment on days 1 and 3 produces a significant 21 mmHg decrease in MAP. About half of this MAP reduction is due to CGRP as determined by blockade of the CGRP receptor. This action of CGRP most likely results from the en- . Northern blot analysis of RNA samples from the control and nerve growth factor-treated spontaneously hypertensive rats. A, Total cellular RNA samples were fractionated on denaturing formaldehyde-agarose gel and transferred to a nylon membrane. The membrane was hybridized with the 32 P-labeled calcitonin gene-related peptide (CGRP) genomic DNA insert. The CGRP probe was removed from the membrane, which was subsequently hybridized with the 32 Plabeled 18S rRNA probe. After hybridization with each probe, the membrane was washed and placed in a phosphor screen cassette. The exposed phosphor screen was then placed in a phosphor imager to quantify the hybridization signals as shown in panel B. *P<0.05 compared to control animals (ANOVA followed by the Tukey-Kramer multiple comparisons test).
hanced release and production of this peptide. These results (days 1 and 3) strongly suggest that the decreased production of CGRP that is observed in SHR could contribute to the elevated blood pressure. After a week of NGF treatment CGRP synthesis is elevated. Antagonist administration indicates that CGRP is continuing to play a compensatory role, but the MAP has returned to control levels. The continued activity of CGRP 8-37 argues against down-regu- 
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lation of the CGRP receptor as the cause for the increase in MAP on day 7. One possibility is that the enhanced production of CGRP is acting to decrease the MAP on days 1, 3, and 7. However, by day 7, NGF may have stimulated a pressor system to counteract the depressor effects of CGRP and bring the MAP back up to control levels. Two candidates are the sympathetic nervous system and neuropeptide Y, both of which are upregulated by NGF (39) .
Characterization of the a-CGRP knockout mouse
Dr. Robert Gagel (Baylor College of Medicine) provided us with homozygous a-CGRP knockout (KO) mice from breeding pairs generated by gene targeting of the calcitonin/a-CGRP gene (40) . The ß-CGRP gene is intact in KO mice; however, a-CGRP is by far the predominant CGRP form produced in DRG neurons (3). For our initial studies, systolic blood pressures were determined using a mouse tail-cuff blood pressure apparatus. Using this protocol it was determined that the systolic blood pressure was significantly (P<0.01) higher in KO mice (N = 9; 160 ± 6.1 mmHg) compared to controls (N = 10; 125 ± 4.8 mmHg) (41) . Having observed that the systolic blood pressure was elevated in KO mice, it was necessary to then determine whether this was reflected in the MAP. KO (N = 9) and wildtype control (N = 9) mice (25-30 g males) were anesthestized with ketamine/xylazine and the right carotid artery was cannulated with P-10 tubing that was connected to a Gould pressure transducer and recorder. Continuous MAP measurements were made with the mice fully awake and unrestrained. As shown in Figure 6 , the MAP was significantly elevated in KO mice (139 ± 4.9 mmHg) compared to controls (118 ± 4.9 mmHg) (41) . After the MAP determinations the mice were sacrificed and the DRG were removed and frozen for later quantification of a-CGRP, ß-CGRP, and SP mRNA and peptide levels.
To address the question of whether the KO mice would have an enhanced sensitivity to CGRP, pilot studies were performed in which the mice were instrumented as described above, except that the jugular vein was also cannulated for administration of saline or CGRP. Administration of saline (0.1 ml) produced a negligible increase in MAP in both the KO (N = 4) and wild-type (N = 4) mice. Administration of an iv bolus dose of rat a-CGRP (1.5 ng/g body weight) resulted in a rapid 16.3 ± 4.3 mmHg decrease in MAP in the wild-type mice and a 29.5 ± 4.4 mmHg reduction in the KO mice. These results indicate that the KO mice have an increased sensitivity to CGRP. DRG tissue from the two groups of mice was then processed to evaluate a-CGRP, ß-CGRP, and SP mRNA levels. There was no a-CGRP mRNA in the KO mice following Northern blot analysis, whereas the 18S rRNA can be seen in the DRG RNA samples from both groups of mice. This demonstrates that the Northern blot analysis was performed correctly. Experiments were also performed to determine if ß-CGRP and SP mRNA levels were altered between the KO and wild-type mice in the absence of a challenge to blood pressure homeostasis. As expected, the Male Female
Wild type a-CGRP-KO Figure 6 . Mean arterial pressure (MAP) determinations made with an indwelling carotid arterial catheter in calcitonin gene-related peptide knockout (CGRP-KO) (N = 7/group) and wild-type (N = 7/group) mice of either sex, in a fully awake and unrestrained state. *P<0.05 compared to wild-type animals (ANOVA followed by the Tukey-Kramer multiple comparisons test). * * mRNA species for ß-CGRP and SP were present in both groups and normalization of the hybridization signals (ß-CGRP and SP) to 18S rRNA levels indicated that there was no significant change in the synthesis of these mRNAs. This indicates that only the a-CGRP gene is missing in these KO mice.
Immunostaining for immunoreactive CGRP was performed in the spinal cords of both KO and control mice. There was intense staining of CGRP in laminae I/II of the dorsal horn of the spinal cord in the wild-type mice. Even though the antibody used in these studies recognizes both a-and ß-CGRP, no staining is observed in the cords of the KO mice, because of the lack of a-CGRP expression and the very low levels of ß-CGRP that are produced in DRG (41).
Role of substance P in subtotal nephrectomy-salt and deoxycorticosterone-salt induced hypertension in the rat
As described previously, Kohlmann et al. (31) reported that SP plays a compensatory role to buffer the blood pressure increase in SN-salt, DOC-salt, and one-kidney, one-clip rats. They did not determine whether SP expression in DRG was significantly increased in any of these models. We have since confirmed an antihypertensive role for SP in the SN-and DOC-salt rats (42) . We utilized the SP receptor antagonist Spantide-II (Span-II). In DOC-salt rats iv Span-II caused a rapid increase in MAP compared to controls (9.3 ± 1.5 vs 0.9 ± 2.2 mmHg) (42) . In SN-salt rats, iv Span-II also significantly elevated MAP (13.9 ± 0.8 vs 1.7 ± 1.7 mmHg) (43) . Our studies also suggested that the depressor effect of SP is mediated, at least in part, through the interaction of SP with vascular NK-1 receptors. Quantification of DRG SP mRNA and peptide levels revealed no significant increase in SP mRNA or protein in the SN-salt rats (N = 8) compared to two groups (N = 8/group) of controls (sham operated with either tap water or saline drinking water) (43) . This is similar to what was found for CGRP expression in this setting. In contrast, SP mRNA in DRG was significantly increased in the DOCsalt rats (N = 9) compared with the control group (sham operated with tap water to drink, N = 7) (6.5 ± 0.4 vs 4.4 ± 0.7 arbitrary units) (42) . SP peptide content in DRG was also significantly increased in DOC-salt rats compared to controls (0.26 ± 0.03 vs 0.18 ± 0.01 pg SP/µg protein) (42) . Again, this is similar to what was found for CGRP, although the increase in SP expression was not nearly as robust as that for CGRP (4.5-fold). These results suggested that an increase in vascular reactivity to SP was responsible, at least in part, for the antihypertensive activity of this peptide in both models. To evaluate this possibility, additional groups of SN-salt (N = 6) and control (N = 6) rats were instrumented for MAP recording and drug administration. With the animals fully awake and unrestrained, SP (12 nM/kg) administration produced a 17 ± 3% fall in baseline MAP in the control group and a significant 26 ± 4% decrease in the SN-salt rats. Also, administration of the same dose of SP to DOC-salt (N = 7) and control (N = 7) rats caused a decrease in MAP of 14 ± 4 and 29 ± 5%, respectively. This indicates that an increase in vascular responsiveness to SP is one mechanism by which SP exerts its depressor effects in both SN-and DOC-salt hypertension. These results also provide additional evidence for a counterregulatory role for SP.
Development of the adult rat dorsal root ganglion neuron primary culture model system
As described previously, we have demonstrated that sensory neuropeptide expression (production and release) can be significantly altered in several models of experimental hypertension (26, 28, 31, 39, 42) . In order to identify the regulatory factors and mechanisms that modulate long-term expression of CGRP and SP in vivo, it was necessary to develop an in vitro model system using primary cultures of DRG neurons. Lindsay (44) previously reported that in cultured adult DRG neurons, NGF stimulates the expression of CGRP and SP. Importantly, the induction of these peptides was not mediated indirectly through the non-neuronal cells nor was it the result of a survival-promoting effect of NGF. We have also established the conditions for the dissociation and maintenance of adult DRG neurons in both serum and serum-free conditions. All of the in vitro studies described herein were performed under serum-free conditions. Using immunocytochemical staining we initially showed that CGRP synthesis is restricted to approximately 40% of the neuronal cell population in the DRG (22) . This is comparable to the values reported by other investigators. To determine if our preparations of neurons were also responsive to NGF, we treated the cultures with NGF (50 ng/ml) (Supowit SC and Zhao H, unpublished results). We found that CGRP mRNA content was increased 3.4-fold at 24 h and 5.7-fold after 48 h. NGF treatment also increased immunoreactive CGRP release 3.1-and 4.6-fold at these same time points. Further, in vitro characterization of the actions of NGF revealed a strict dose-dependent (5-200 ng/ml) increase in CGRP mRNA and peptide release.
To determine the effect of activation of two primary intracellular signal transduction pathways on CGRP production and release, neuronal cultures were treated with dibutyryl cAMP or phorbol 12-myristate 13-acetate (PMA), a protein kinase A activator and protein kinase C activator, respectively (22) . Exposure of the cultures to either dibutyryl cAMP or PMA for 24 h increased CGRP mRNA accumulation 2.2-and 3.0-fold while immunoreactive CGRP release was stimulated 2.0-and 4.8-fold. This was the first demonstration that these agents could directly regulate CGRP mRNA production and immunoreactive CGRP release in DRG neurons. These data indicate that local or circulating factors that act to regulate neuronal cell function through protein kinase A and C signal transduction pathways also modulate CGRP expression. These second messenger pathways have been implicated in NGF, bradykinin/prostaglandin, and a 2 -adrenoreceptor agonist actions (45) . Since all of these factors have been shown to be altered in either SHR and/or DOC-salt hypertension, and have also been implicated in the regulation of CGRP expression, it was possible to determine in vitro if these agents could directly modulate CGRP synthesis and/or release.
Mechanisms by which nerve growth factor, the sympathetic nervous system, and glucocorticoids interact to regulate neuronal CGRP expression Several lines of evidence indicate that a 2 -adrenoreceptor agonists and glucocorticoids inhibit the acute release of CGRP from sensory nerve terminals (23) . To test this possibility in vitro, we employed primary cultures of adult rat DRG neurons. Neuronal cultures were initially exposed (24 h) to either the a 2 -adrenoceptor agonist UK 14,304 (1 µM) or vehicle; however, no changes in CGRP mRNA content or immunoreactive CGRP release were observed (23) . Using the rationale that in vivo DRG neurons receive a continuous supply of target tissue-derived NGF, which stimulates CGRP synthesis, the neurons were treated (24 h) with vehicle, NGF (25 ng/ml) alone, or NGF plus UK. NGF treatment increased CGRP mRNA accumulation 5.5-fold and immunoreactive CGRP release 3.0-fold over control levels. The stimulatory effects of NGF were markedly inhibited but not abolished by UK (NGF + UK vs control, CGRP mRNA 2.9-fold; immunoreactive CGRP, 1.7-fold). These values were also significant when compared to NGF treatment alone. Experiments using the a 2 -antagonist yohimbine confirmed that the effects of UK were mediated by the a 2 -adrenoceptor. Likewise, the inhibitory effects of dexamethasone on CGRP expression were mediated by the attenuation of the stimulatory effects of NGF. Although the mechanism that mediates this phenomenon is not known, these data suggest that inhibition of stimulated rather than basal expression of CGRP (and possibly SP) is a common theme underlying the negative regulation of neuropeptide synthesis and release in sensory neurons. In addition, the results of the a 2 -adrenoceptor agonist studies support the argument that in the SHR the hyperinnervation of the vasculature by the sympathetic nervous system is responsible, at least in part, for the reduction of CGRP production that is observed in this setting.
Regulation of neuronal CGRP expression by the bradykinin/prostaglandin system
Several lines of evidence suggest that the enhanced activity of the kallikrein/kinin system observed during the onset phase of DOCsalt hypertension is partly responsible for the up-regulation of CGRP expression that is observed in this model. In vitro testing of this hypothesis using the DRG primary culture system showed for the first time that bradykinin and selective prostanoids were potent stimulators of long-term CGRP synthesis and release. Moreover, these studies demonstrated that the effects of bradykinin were mediated entirely through the cyclooxygenase-mediated increase in prostaglandin production. These data have been published in abstract form (20) .
Conclusion
In several animal models, sensory nervous system vasoactive peptides seem to play a role in chronic blood pressure elevation. In the acquired models, they play a 
